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1993 AASHTO Guide, especially at higher temperatures. Based upon an urgent need of developing a
more realistic temperature correction procedure for the overlay designs in North Carolina, a research
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and 1993 by the North Carolina Department of Transportation. This project resulted in empirical models
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ABSTRACT (CONTINUED)

During the course of this study, FWD tests and temperature measurements have been conducted
on seven pavement sections at different regions of North Carolina. The field data obtained from four
pavements in the central region during the 92/93 study are also included in the analysis. The new
temperature correction procedure is composed of the algorithm predicting the AC layer mid-depth
temperature as an effective AC layer temperature and the temperature correction procedure for
deflections and backcalculated moduli.

The temperature prediction algorithm is based on fundamental principles of heat transfer and
uses the surface temperature history since yesterday morning to predict the AC layer mid-depth
temperature at the time of FWD testing today. The surface temperature history is determined using the
yesterday’s maximum air temperature and cloud condition, the minimum air temperature of today’s
morning, and surface temperatures measured during FWD tests. For the deflection and modulus
correction procedure, a new statewide empirical model is recommended due to its simplicity and
practicality. However, it needs to be warned that, when mixture properties are much different from the
normal mixtures in North Carolina, this empirical model may lead to erroneous correction. Therefore,
whenever thermo-mechanical properties of mixtures are available, the analytical procedure described in
this report is strongly recommended, which is based on the theory of viscoelasticity and the time-
temperature superposition principle.
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DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the
facts and the accuracy of the data presented herein. The contents do not necessarily reflect the
official views or policies of the North Carolina Department of Transportation. This report does
not constitute a standard, specification, or regulation.
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EXECUTIVE SUMMARY

~ Nondestructive evaluation using the falling weight deflectometer (FWD) has become a
primary means of determining in-situ structural conditions of pavements for design of
rehabilitation strategies. The moduli of pavement layer materials, which are used as the
indicators of the structural integrity of respective layers, are typically backcalculated from
deflection basins obtained from FWD tests. In order to make a fair assessment of the structural
condition of pavements, deflections or backcalculated moduli must be corrected to a particular
type of loading system (including the type of loading device, frequency of loading, load level,
etc.) and a standard set of environmental conditions. The most important environmental factor
affecting surface deflections and backcalculated moduli of flexible pavement is the temperature
of asphalt layers. :

The correction of surface deflections or moduli to a reference temperature requires two
major steps. The first is to predict an effective temperature of asphalt layers (a so-called
temperature prediction procedure), and the second step is to adjust the measured deflections to a
reference temperature using the predicted effective asphalt layer temperature and deflection
correction factors (a so-called deflection correction procedure).

The significance of temperature correction on surface deflections has been recognized by
AASHTO. The 1986 AASHTO Guide for Design of Pavement Structures presents a set of
curves for deflection correction and the temperature prediction procedure requiring the use of the
average air temperature for the previous five days in predicting pavement depth temperatures.
However, various publications bear witness to incorrect temperature correction factors in the
Guide (especially at high temperatures) and to inaccurate and impractical temperature prediction
procedure. Based upon an urgent need of developing a more realistic temperature correction
procedure for the overlay designs in North Carolina, a research project entitled "Asphalt Paving
Material Properties Affected by Temperature” was funded in 1992 by the North Carolina
Department of Transportation. As a result of this study, the PI developed empirical models for
temperature prediction and temperature correction procedures. These models were simple in
form and practical enough to be implemented in routine deflection analyses. However, the
deflection and temperature measurements used in developing these models were obtained from
pavements located in only central region of North Carolina. This limitation necessitated testing
of these models against data from other regions within the state for the statewide implementation,
resulting in a follow-up project entitled “Statewide Calibration of Asphalt Temperature Study

from 1992 and 1993.”

This report presents the findings from the follow-up statewide study. A total of seven
pavement sites were selected for temperature data collection: three in the mountains (western),
one in the piedmont (central), and three in the coastal (eastern) region. To measure pavement
temperatures at varying depths, thermocouples were installed at varying depths of these
pavements.



The FWD tests were performed on four locations in wheel path with four different
loading levels (26.7, 40.0, 53.4, and 66.7 kN). These tests were repeated at different times of day
and in four different seasons. Only 40 kN loading and the corresponding deflections were used in
the present analysis. Pavement subsurface temperatures were measured at the time of the FWD
testing using the thermocouples. The AC mid-depth temperature is taken as the effective AC
temperature. In addition to the temperature measurements during the FWD testing days,
pavement and air temperatures and corresponding weather conditions were recorded for seven
consecutive days in each of the four seasons.

One asphalt core with 100-mm (4-inch) diameter was retrieved from each of the seven
test sites. Out of the seven sites, the cores from three sections were selected for laboratory creep
tests to determine the viscoelastic properties as a function of time and temperature. These three
sections are New Hanover (eastern), Durham (central), and Wilkes (western).

Analytical study of deflection and temperature data has resulted in the recommended
procedure that is composed of two algorithms: (1) the temperature prediction procedure for
estimating AC layer mid-depth temperature as the effective AC temperature and (2) the
deflection correction procedure for correcting deflections (or moduli) at the effective temperature
to the reference temperature of 20°C. The temperature prediction procedure is based on
fundamental principles of heat transfer and predicts the AC layer mid-depth temperature at the
FWD testing time using the surface temperature history during the period from the morning of
the day prior to FWD testing (D-1 day) to the time of FWD testing (D day).

The surface temperature history is constructed by combining two parts. The first part
covers the period from when the surface temperature is at the lowest in D-1 day to the morning of
D day. This part is predicted from the yesterday’s maximum air temperature, the minimum air
temperature of today’s morning, and cloud conditions of yesterday. The second part of the
surface temperature history is for the period between the today’s morning time with the lowest
surface temperature and the FWD testing time. It is constructed using actual surface
temperatures measured prior to the FWD test and their extrapolation back to the time the lowest
temperature occurred in today’s morning.

For the correction of moduli and deflections, several alternatives have been investigated.
They are: (1) new statewide model modified from the 92/93 model to cover different regions in
North Carolina; (2) regional empirical models developed using data from each region; and (3)
analytical model based on the theory of linear viscoelasticity and the time-temperature
superposition principle. Careful comparison of these models for accuracy and practicality
resulted in recommending the statewide empirical model for both deflections and backcalculated
moduli if the mixture properties are not available and if the mixture properties are not believed to
be unusual. However, it needs to be warned that, when mixture properties are much different
from the normal mixtures in North Carolina, this empirical model may lead to erroneous
correction. Therefore, whenever thermomechanical properties of mixtures are available, the
analytical procedure described in this report is strongly recommended, which is based on the
theory of viscoelasticity and the time-temperature superposition principle.
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PART I. SUMMARY
L1. Introduction

Nondestructive evaluation using the falling weight deflectometer (FWD) has become a
primary means of determining in-situ structural conditions of pavements for design of
rehabilitation strategies. The moduli of pavement layer materials, which are used as the
indicators of the structural integrity of respective layers, are typically backcalculated from
deflection basins obtained from FWD tests. In order to make a fair assessment of the structural
condition of pavements, deflections or backcalculated moduli must be corrected to a particular
type of loading system (including the type of loading device, frequency of loading, .load level,
etc.) and a standard set of environmental conditions. The most important environmental factor
affecting surface deflections and backcalculated moduli of flexible pavement is the temperature
of asphalt layers.

The correction of surface deflections or moduli to a reference temperature requires two
major steps. The first is to predict an effective temperature of asphalt layers (hereinafter called
temperature prediction procedure), and the second step is to adjust the measured deflections to a
reference temperature using the predicted effective asphalt layer temperature and deflection
correction factors (hereinafter called deflection correction procedure).

The significance of temperature correction on surface deflections has been recognized by
AASHTO. The 1986 AASHTO Guide for Design of Pavement Structures (1993) presents a set
of curves for deflection correction and the temperature prediction procedure requiring the use of
the average air femperature for the previous five days in predicting pavement depth temperatures.
However, various publications bear witness to incorrect temperature correction factors in the

Guide (especially at high temperatures) and to inaccurate and impractical temperature prediction



procedure. Based upon an urgent need of developing a more realistic temperature correction
procedure for the overlay designs in North Carolina, a research project entitled "Asphalt Paving
Material Properties Affected by Temperature" was funded in 1992 (hereinafter called the 92/93
study) by the North Carolina Department of Transportation. As a result of this study, Kim et al.
(1995, 1995a) developed empirical models for temperature prediction and temperature correction
procedures. These models were simple in form and practical enough to be implemented in
routine deflection analyses. However, the deflection and temperature measurements used in
developing these models were obtained from pavements located in only central region of North
Carolina. This limitation necessitated testing of these models against data from other regions
within the state for the statewide implementation, resulting in a follow-up project entitled
“Statewide Calibration of Asphalt Temperature Study from 1992 and 1993.” -

This report presents the findings from the follow-up statewide study. Before detailed
information on the temperature prediction and deflection correction procedures are given, this
section describes field experiments conducted to collect necessary data‘ to develop statewide
models and the structure of data base developed as a result, and summarizes the proposed
temperature prediction and deflection and moduli correction procedures. Then, an actual
example of temperature correction of deflections and moduli is given to aid understanding of
these procedures. Parts II and III of this report discuss the details involved in the development of

the temperature prediction and the deflection correction procedures, respectively.



1.2. Field Experiments
I.2.1. Selection of pavement sections

There are a number of factors to be considered in selecting test sections for temperature
and deflection measurements, inciuding climatic conditions, asphalt layer thicknesses,
temperature susceptibility of asphalt mixtures, material types and thicknesses of subsurface
layers, moisture conditions of subsurface layers, etc. Before details on selected pavements are
given, a general description is made on three distinctive climatic regions in North Carolina; the
eastern coastal plain, the central piedmont, and the western mountains.

The coastal plain occupies about 45% of the land area of North Carolina, and its soil is
composed of sandy to clayey marine and fluvial deposits. Elevations range from sea level to
about 200 meters. The piedmont occupies nearly 39% of the state and is a rolling to hilly area
between the coastal plain and mountains. Its altitudes range from 90 m on the east to 460 m near
the mountains. The mountains occupy about 16% of North Carolina, with altitudes varying from

460 m to 2037 m. In the piedmont and coastal plain, the mean annual soil temperature is in the

range of 15 to 20°C at 0.5 m below the surface. The mountain soils have two temperature

regimes: mesic, 8-15°C, and frigid, less than 80C. The mesic temperature regime in North
Carolina starts at 400 m and ends at an elevation of about 1400 m. The mesic temperature
regime covers soil temperatures similar to those at lower elevations from central Virginia to
central or north central New York State. The soil temperatures in the frigid regime, elevation
above 1400 m, are similar to those found in northern New York, Michigan and much of Canada.
A total of seven pavement sites were selected for temperature data collection: three in the

mountains, one in the piedmont, and three in the coastal region. Characteristics of the selected

sections are given in Table L.1.



Table L.1. Selected seven test sections

Region County AC Thickness (mm) Route
Pitt 114 US264

Eastern Carteret 229 NC24
New Hanover 305 US17

Central Durham 254 NC54
Polk 165 US74

Western Buncombe 203 US25
Wilkes 241 US421




1.2.2. Instrumentation

To measure pavement temperatures at varying depths, thermocouples were installed
through a 152 mm diameter hole drilled to a depth of 2 m below the bottom of the AC layer.
Depths of installed thermocouples are listed in Table 12. According to the field study by Zhou
and Elkins (1994) as a part of the FHWA Long Term Pavement Performance (LTTP) seasonal
monitoring program, a depth gradient of pavement temperatures remains relatively constant
below 2 m. During the drilling process, aggregates and soils obtained from different depths were
stored in separate plastic buckets, so that the original materials could be used in backfilling
various depths in the hole. A 51 mm diameter plastic tube with thermocouples attached at
designed depths was placed at the bottom of the hole with the thermocouples facing and touching
one side of the hole. Then, the hole was backfilled and compacted in layers using original
materials.

After the compaction of base and subgrade materials, thermocouples in asphalt concrete
layers were installed by drilling horizontal holes to the core wall using a drill with a pivoting
nose. Epoxy was injected into each horizontal hele followed by thermocouple attached to strands
of insulated wire. The wires from the plastic tube and thermocouples in the AC layers were
taken across the pavement through a trench slit cut transversely from the core hole to the
pavement edge. The core hole was backfilled with hot mix and the trench in the pavement filled
with epoxy.

Wires from instrumentation were placed in a junction box located outside of the shoulder
area. All the temperatures were measured at the time of FWD testing and at least seven
c;)nsecntive days a season per section during one year period using automatic data loggers. The

use of data loggers allowed continuous temperature measurements without an operator.



Table L.2. Thermocouple burial depths (in mm)
| Thermo- | Pitt Co. | Carteret New Durham Polk Buncom- | Wilkes
couple ID Hanover be
1A Air Air Air Air Air Air Air
1B 0* 0* 0* 0* 0* 0* 0*

1C 25% 25* 25* 25* 25* 32* 30*
1D 50* 50* 40* 40* 50* 64* 60*
2A 80* 75* 80* 80* 75* 89* 80*
2B 115* 105* 130* 130* 105* 121* 130*
2C 145 140* 190* 190* 165* 140* 190*
2D 225 229* 305* 254* 248 203* 240*
3A 305 299 375 324 328 235 245*
3B 385 379 455 404 428 315 334
3C 525 529 605 554 558 465 414
3D 675 729 805 754 808 665 564
4A 825 979 1055 1004 1058 915 764
4B 1075 1229 1305 1254 1318 1165 1164
4C 1455 1629 1705 1654 1578 1565 1664
4D 1875 2029 2105 2054 1978 1965 2064

1. Depth of zero corresponds to AC surface.
2. Probe depths marked with * indicate that those probes are located within the AC layer.




1.2.3. Test Program

The FWD tests were performed on four locations in wheel path with four different
loading levels (26.7, 40.0, 53.4, and 66.7 kN or 6000, 9000, 12000, and 15000 1bs). These tests
were repeated at different times of day and in four different seasons. Only 40 kN loading and the
corresponding deflections were used in the present analysis. Pavement subsurface temperatures
were measured at the time of the FWD testing using the thermocouples installed at different
depths from the pavement surface down into the subgrade. The AC mid-depth temperature is
taken as the effective AC temperature.

In addition to the temperatﬁre measurements during the FWD testing days, pavement and
air temperatures and corresponding weather conditions were recorded for seven consecutive days
in each of the four seasons. The periods for FWD testing and seven-day temperature
measurement are summarized in Table L3. One site was selected from each climatic region for
the seven-day temperature measurement program (New Hanover for eastern, Durham for central,
and Wilkes for western). Some additional measurements were made from other pavement
sections whenever the personnel help from NCDOT was available for the collection of data. The
seven-day temperature data are not available from Buncombe county because problems were
encountered in downloading the data from the logger. All the FWD deflection data and
corresponding temperatures are summarized in Appendix B.

_ One asphalt core with 100-mm (4-inch) diameter was retrieved from each of the seven
test sites. Out of the seven sites, the cores from three sections were selected for laboratory creep
tests to determine the viscoelastic properties as a function of time and temperature. These three

sections are New Hanover (eastern), Durham (central), and Wilkes (western). The reason for
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selecting these pavements is that the AC core heights are long enough for uniaxial creep tests

(typical requirement of 203 mm).

1.3. Proposed Procedure

In this section, the proposed temperature correction procedure for deflections and
backcalculated moduli is summarized. Technical details of this procedure and validation results
are not presented in this section for simplicity and can be found in Parts IT and IIT and appendices
of this report. The specific purpose of this section is to illustrate the procedure in a stepwise
manner to aid NCDOT understanding and implementing the proposed procedure.

The proposed procedure is composed of two algorithms: (1) the temperature prediction
procedure for estimating AC layer mid-depth temperature as the effective AC temperature and
(2) the deflection correction propedure for correcting deflections (or moduli) at the effective
temperature to the reference temperature of 20°C. The temperature prediction procedure is based
on fundamental principles of heat transfer and predicts the AC layer mid-depth temperature at the
FWD testing time using the surface temperature history during the period from the morning of
the day prior to FWD testing (D-1 day) to the time of FWD testing (D day).

The surface temperature history is constructed by combining two parts. The first part
covers the period from when the surface temperature is at the lowest in D-1 day to the morning of
D day. This part is predicted from the yesterday’s maximum air temperature, the minimum air
temperature of today’s morning, and cloud conditions of yesterday. The second part of the
surface temperature history is for the period between the today’s morning time with the lowest

surface temperature and the FWD testing time. It is constructed using actual surface
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temperatures measured prior to the FWD test and their extrapolation back to the time the lowest
temperature occurred in today’s morning.

For the correction of moduli and deflections, several alternatives have been investigated.
They are: (1) new statewide model modified from the 92/93 model to cover different regions in
North Carolina; (2) regional empirical models developed using data from each region; and (3)
analytical model based on the theory of linear viscoelasticity and the time-temperature
superposition principle. Careful comparison of these models for accuracy and practicality
resulted in recommending the statewide empirical model for both deflections and backcalculated
moduli if the mixture properties are not available and if the mixture properties are not believed to
be unusual. However, it needs to be warned that, when mixture properties are much different
from the normal mixtures in North Carolina, this empirical model may lead to erroneous
correction. Therefore, whenever thermomechanical properties of mixtures are available, the
analytical procedure described in this report is strongly recommended, which is based on the
theory of viscoelasticity and the time-temperature superposition principle.

In the next section, an example is given to illustrate these procedures in a stepwise

manner.

14. Example
On February 13, 1996, FWD tests are performed on a pavement with 114 mm (4.5-inch)
thick AC layer. The pavement surface temperatures were measured during FWD tests.

Temperature Prediction Procedure:

The crew consulted local newspapers for February 13 and 14 and found that it was clear

and the maximum air temperature was 12.8°C on February 12. The minimum air temperature in
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the morning of February 13 was -7.6°C. During FWD tests, the crew found no shade on the test
position. Also, the pavement surface is horizontal at the test site.

Based on the field records, the input data file was generated for the temperature
prediction program, “PD.for.” The detailed description of the input file is given in Appendix
A.6. The predicted temperature profile within the AC layer is listed in Table 1.4.

Temperature Correction of AC Modulus and Deflections:
(Columns referred in each step are from Table L.5.)

(a)_An Illustration of temperature correction of backcalculated AC modulus using the new

statewide empirical model

Step 1. Secure an uncorrected AC modulus (typically from a backcalculation program
using an FWD deflection basin) as shown in column (1).

Step 2. Find the effective AC temperature at the time of FWD test (typically predicted by
a method described in Part II) as shown in column (3). An effective AC temperature of T =
7.58°C at 10:00 a.m. given in Table 1.4 was used.

Step 3. Determine the modulus correction factor according to the formula given in Part Il

as shown in column (5).

Step 4. Multiply the modulus correction factor by the original uncorrected modulus to

obtain the corrected modulus as shown in column (7).

(b)_An Tlustration of temperature correction of FWD center peak deflection using the new

statewide empirical model

Step 1. Secure an uncorrected FWD deflection under 9000 Ibs load as shown in column

(2).



Table 1.4. Predicted temperature profile during FWD tests

Time Temperature (°C)
Surface Mid-depth

8.2 2.23 2.13

8.6 3.84 2.81

9.0 5.8 3.78

9.5 9 5.44

10.0 12.7 7.58

10.5 14.6 9.59

11.0 17.3 11.45

11.5 19.7 13.38

12.0 21 15.02

12.5 22.7 16.47

13.0 23.4 17.68

13.5 23.5 18.47

14.0 23.2 18.89

14.5 22.7 19.03

15.0 20.7 - 18.64

15.5 18 17.58

16.0 15 16.04

Table LS Deflection correction work sheet
(D V)] 3 4)
Backcalculated AC | FWD Center Peak Mid-Depth AC Thickness

Modulus, Deflection, Temperature, of AC Layer,

E@T (MPa) w@T (mm) T (C) hAC (mm)
2959 0.37 7.58 114
(&) (6) )] (3
Modulus Correction Deflection Corrected Corrected
Factor, Correction Factor, Modulus, Deflection,
10 0.0262T-20 10 “+65E-5 (MACKT-20) E@20C (MPa) w@20C (mm)
047 1.16 1391 0.43

12
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Step 2. Find the effective AC temperature at the time of FWD test (typically predicted by
a method described in Part II) as shown in column (3). An effective AC temperature of T =
7.58°C at 10:00 a.m. given in Table 1.4 was used.

Step 3. Find the thickness of the AC layer under consideration as shown in column (4).

Step 4. Determine the deflection correction factor according to the formula given in Part

III as shown in column (6).

Step 5. Multiply the deflection correction factor by the original uncorrected deflection to

obtain the corrected deflection as shown in column (8).
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PART Il. TEMPERATURE PREDICTION IN ASPHALT LAYERS
II.1. Introduction

The 1986 AASHTO Guide presents a temperature prediction procedure requiring the use
of the average air temperature for the previous five days in predicting pavement depth
temperatures. However, researchers and practitioners have challenged the accuracy of the
AASHTO temperature prediction procedure. Inge and Kim (1994) and Baltzer and Jansen
(1994) have demonstrated that the temperature prediction procedure in the 1986 AASHTO Guide
can not account for different temperature-depth gradients between the heating (morning) and the
cooling (afternoon) cycles, which have a significant effect on the effective pavement temperature.
Also the requirement of the average air temperature for the previous five days was considered
impractical for routine deflection analysis in state highway agencies. The 1993 AASHTO Guide
does not recommend any specific procedure for the prediction of the effective AC layer
temperature.

Based on urgent needs of developing a more accurate and practical temperature-deflection
correction procedure for overlay designs in North Carolina, the NCDOT embarked upon a
research project in 1992. New temperature prediction and deflection correction procedures have
been developed as a result of this study (Kim et al. 1995, Inge and Kim 1995). In their study, an
empirical approach based on the data base developed from the field measurements was used for
temperature prediction.

Although Inge and Kim’s temperature prediction model is capable of accounting for the
difference in temperature gradients between the heating and cooling cycles with practical input

requirements, model coefficients were determined using only the data obtained from the central
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region of North Carolina. Since the temperature prediction procedure could be sensitive to
climatic conditions, geologic conditions, and local-specific material types, suitability of the
temperature prediction algorithm needs to be tested for other regions, such as the eastern coastal
area and the western mountain area, for the NCDOT to fully implement the model.

To develop a model that is applicable to more general climatic conditions, the researchers
felt that the empiricglity had to be minimized without loosing practicality in the model. One of
the primary objectives of this study is to develop a practical, but fundamentally sound procedure
for the prediction of the AC layer mid-depth temperature. The predicted mid-depth temperature
will be used as an effective AC layer temperature for the FWD deflection correction atialysi-s. In
the following sections, a brief review is made on two background theories that are used in the
model development; heat conduction theory and earlier work done by Solaimanian and Kennedy
(1993) on the prediction of surface temperature from air temperature. A new prediction
procedure based on the theories and the temperature data base developed from field tests is then

presented. Finally, the verification results are presented using case studies in North Carolina.

I1.2 Heat Conduction Theory
Details in heat conduction theory and examples demonstrating how the theory works are
presented in Appendix A.7. In the following, major heat conduction equations that govern the

proposed temperature prediction procedure are summarized to aid readers’ understanding.
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I1.2.1. Theory

A one-dimensional heat conduction problem for a semi-infinite solid (Figure IL.1) with a
constant thermal conductivity and without an internal heat generation may be defined by the

following equations and conditions:

Field Equations:
3:{ = é—g for x>0, t>0. (D
Initial Condition:
T=G(x) forx20,t=0. (L.2)
Boundary Condition:
T=F() forx=0,t>0. (IL3)

where @ is the thermal diffusivity with a dimension of m%sec or m*hour, and G and F are
prescribed functions of depth (x) and time (t), respectively. The solution to the problem defined

by (II.1)-(IL.3) is khown and given by (e.g., Carslaw and Jaeger 1959)

__1 Cx=8)_ [ (x+8)’ (IL4)
T(x,t) = > WﬂG(i)\:exp( s ) exp( yve Hd&

+-—2-_r Flt- x” e™ dn
Viiim U 4’

where £ and 1 are dummy variables of integration.
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Boundary Condition; T=F() forx=0,t>0

for x>0, >0

R |~
P

Governing Differential Equations: e

Figure 1.1  One dimensional heat conduction in a semi-infinite solid.
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We shall consider a special case of a uniform initial temperature distribution and a
random piece-wise linear surface temperature variation (typically characterized by actual surface

temperature measurements in the field), as shown in Figure I.2, i.e.,

Gw)=T, and F(H)=3 FOMHE-1)-H(=1,)] L)

i=1
where Ty is constant,

F(t)=A +B;t for t,st<t, (i=12,..,n)

,.=-€i*—‘-——z~"—, A =T -B(t,—t) (nosumoni; i=1, 2,..,n),
-+l— .

¢ i

1 for t>0

0 for t<0 (the Heaviside step function),

H(t)={

and T; = measured surface temperature at the corresponding time t; , with t}= 0 and ty.,= t (the
current time) where (n+1) is the total number of measurements up to the current time. Now,

substituting (IL.5) into (I1.4) and rearranging (details are given in Appendix A.7)

T(x,t) = To elf(z‘./xa) + i[{(A. + B,-t)e’fC(Xi) +2Bi (t =1 )(X,.zerfC(X.-) -%‘e-x‘? )} (II 6)

i=l

- {(A,. + Bterfe(X,,,) +2B,(t -1, )( X2 erfe(X,,)- éﬁe"‘f’ﬂ )}]
Jr

where



Fy=3 FOUHE 1)~ HE=1,)]

1=l

where

F()=d4+Bt for t,st<t, (=12

B.- - I;«H "7; , A.' = 7: 'B.'(’: _tz)
Livt — L
(tie1, Tir)
(tZ,TZ) ‘

Fi(t)

- (4,T)

n)

(te, To)

(tn-PlaTn*l)

Fal®)

Figure I1.2

wise linear function.

Representation of a random boundary temperature variation by a piece-

19
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erf(X)= -\7-2_7;-.[: e"¥ dE= error function,

_ 2 _gi - .
and erfc(X)= —J;.[;e dE= complementary error function.

I1.2.2. Verification of the heat conduction theory

It is understood from (I1.6) that the influence of the initial temperature is not significant at
shallow depths beneath the surface and the uniform distribution of initial temperature is not a
critical assumption. It can be also seen that the influence of the remote past history of the surface
temperature on the current subsurface temperature is negligible, and therefore, in practice, only
the surface temperature history for a limited past duration needs to be known to predict the
subsurface temperature. Detailed discussions are provided in Appendix A.7, and a sensitivity
analysis is presented in section H.6, Case 1. This observation is important because the further we
have to go back in time the more impractical the model becomes due to more difficult data

collections.

It has been observed from most of the records that the time history curves of temperatures
at the surface and mid-depth of the asphalt layer cross each other at approximately the same time
each morning. Hereafter, this time is called the crossing time. The nature of near-uniform
distribution of the temperature within the asphalt layer at the crossing time is important to apply
the heat conduction theory described above to our problem. The crossing time and the
corresponding crossing temperature will be used in our subsurface prediction procedure as the

initial time (to) and the initial temperature (To) respectively.
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For the crossing time concept to be applicable to the | prediction of pavement
temperatures, it is not necessary to have these temperatures cross at a fixed time of day. Asa
matter of fact, under some special weather conditions, such as snowing or long term raining,
these temperature curves may not cross at all. A statistical analysis of the crossing time based on

the field temperature records will be presented in Appendix A.3.

To illustrate the theory discussed above, the temperature within an asphalt layer was
predicted using (IL6) and the initial and boundary conditions expressed by (IL5) and then
compared with the measured data. Figure IL.3 compares the predicted mid-depth asphalt layer
temperatures and the field measurements at one of the test sites. It was assumed that the initial
temperature distribution was uniform (To = 30 °C) throughout the entire depth of the semi-
infinite system and the system was subjected to a random surface temperature variation which
was defined by the actual temperature readings taken on the pavement surface. The theoretical
prediction was in good agreement with the measurements. Some discrepancies observed at the
peaks and the bottoms of the curves are believed to be due to the use of an estimated value for
the thermal diffusivity. A thermal diffusitivity, o, of 0.0037 m*hour was used, given by Yoder

and Witczak (1975) for typical asphalt mixtures.

I13. Surface Temperature Prediction
As can be seen from our heat conduction model in Section IL2.1, the temperature profile
inside the pavement is a function of time and the surface temperature as a boundary condition.

The surface temperature one week ago has little effect on the current pavement temperature, but
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the surface temperature an hour ago has significant influence. Fortunately, during FWD tests, the
surface temperature can be measured accurately at different times, yielding an accurate short term
surface temperature history.

For the surface temperature-time history before the first measurement of the surface
temperature at the day of FWD testing, a modified sine-wavé function is used. Following, we
use “D day” to indicate the day when FWD tests are performed, and “D-1 day” to represent the
day before FWD tests. To generate this modified sine-wave function, D-1 day’s maximum
surface temperature and D day’s early morning minimum surface temperature are required. In
the following, heat transfer theories for prediction of the maximum and minimum surface

temperatures from air temperatures are briefly reviewed.

I1.3.1. Prediction of maximum surface temperature

Solaimanian and Kennedy (1993) proposed a simple method to determine the maximum
pavement temperature with a minimal amount of input. The method is based on the theory of
heat transfer and takes the effect of latitude on solar radiation into account. For the convenience
of discussion for the prediction of minimum surface temperature and case studies presented later
in'the paper, some important equations and definitions from Solaimanian and Kennedy’s work
are presented here. The fundamental equation of heat equilibrium in a pavement is,

Qo =990 =9 =9~ 9, =0 1.7

where

g,= energy absorbed from direct solar radiation,



24

g,= energy absorbed from diffuse radiation (scattered from atmosphere),
q.= encrgy transferred to or from the body due to convection,
g,= energy transferred to or from the body due to conduction, and
g,= energy emitted from the body through outgoing radiation.
The energy absorbed by an horizontal pavement can be expressed as,
R, = R,0,7)*** Cosz (1L.8)
where

Ro= solar constant = 442 Btu/(hr.sq.ft.),
z= the zenith angle (Solaimanian and Kennedy suggested that at the noon 12 sun
time and in the region with latitude larger than 25°, z = latitude-20 ° from May to
August),
oy= the surface absorbtivity (For asphalt concrete o= 0.85~0.93), and
1,= transmission coefficient for unit air mass, ranging from 0.81 on a clear day to 0.62
on a cloudy one. ’
If the pavement surface is tilted to the horizontal, a more sophisticated solar radiation equation
was provided by Solaimanian and Kennedy (1993).

The energy absorbed by the pavement from the atmospheric radiation may be calculated

by the following equation developed by Gieger and reported by Solaimanian and Kennedy
(1993):

q, =€,0T, | (IL9)

a arr



where
g= the coefficient for atmospheric radiation,
o=  Stefan- Boltzman constant = 0.1714*10°® Btu/(hr.sq.ft.’R"), and
Tu= the air temperature in Rankine.
The heat flow by the convection to the surrounding air, qc, is given by,
g.=h(T, - T) (IL.10)
where
T= the pavement surface temperature in Rankine, and
he= the surface coefficient of heat transfer. For an average wind velocity of about 10
mph (4.5 m/sec), the value of h is calculated between 3.0 and 4.0 Btuw/(hr.sq.ft. F)
for typical ranges of maximum air and pavement temperatures during day times.

The heat conduction rate below the pavement surface can be given as,

L-T,
-t | (W.11)

q,=-k X

where

k= thermal conductivity, and
T,= the temperature at depth x.
The outgoing radiation energy from the pavement surface can be calculated by,
g =eoT! | (IL12)
where

&= the emissivity of the pavement surface.

25
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By substituting Equation (IL7) with Equations (IL.8), (IL9), (1.10), (O.11), and (II.12),

Solaimanian and Kennedy obtained the following equation, by which the surface temperature can

be calculated from the air temperature, Ty:
k
420,76 cosz + €,0T b, (T, ~T,) (T, = T,) - 0T, =0 @.13)

Using this equation, maximum surface temperatures were calculated for our test sites in
the three climatic regions. The input for the parameters in Equation (11.13) were assumed values
within the ranges proposed by Solaimanian and Kennedy. As will be presented later in the
verification section, the calculated surface maximum tempgratures agreéd réasonably well with
the field measurements. |

Solaimanian and Kennedy assumed that the maximum femperature différence between
the surface and at a depth of two inches is 15°F during hot summer days. This assumption may
not be correct in some regions or during other seasons. The calculated temperature inside the

pavement was used to improve the prediction accuracy for the maximum surface temperature.

I1.3.2. Prediction of minimum surface temperature
The energy balance equation, Equation (II.7), is valid at any time. During the night, the
solar radiation energy is zero. We extended Equation (II.7) for night time as follows:
Gner =92 —9: 79— 4, (I1.14)

The equilibrium equation can be derived as,

k
£, 0T, ~h(T,-T,)-—(T,~T,)-¢oT;' =0 (IL.15)
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During the night, the temperature is usually lower on the surface than that inside the
pavement; therefore, qy is positive, meaning that the heat flows upward from the bottom of the
pavement to the surface. The thermal conductivity (k) and the emissivity of the pavement
surface (€) remain the same as those during day time. However, the surface coefficient of heat
transfer (hc) and the coefficient for atmospheric radiation (€.) are changed. The surface
coefficient of heat transfer (hc) depends on the surface and air temperatures, as well as the wind
speed. Solaimanian and Kennedy (1993) recommended following empirical formula for

determining h, for a pavement surface:
h, =12293{00014472°U"" +000097(T, ~ T, '} (IL16)

where
h.= surface coefficient of heat transfer in Btu/(hr.sq.ft. °F)
T,= average of the surface and air temperature in °K
= average daily wind velocity in m/sec

Ts= surface temperature ’

Tar = air temperature.

During night time, both the surface and air temperatures are much lower than those
during the day. Using above empirical formula, h, value was calculated to be 1.4 to 2.5
Btu/(hr.sq.ft.°F).

The times when the surface temperature reaches its maximum and minimum values are

investigated from our field temperature records. The summary of statistical results is presented

in Table IL1. The detailed statistical analysis is provided in Appendix A.1 for each test day in
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each season at each site. It was observed from the analysis that times when maximum and
minimum temperatﬁres occur are functions of weather condition and season. During rainy or
snowy days, the times when the surface temperature reaches its maximum and minimum have
lai'ge variations. When the weather is clear or partly cloﬁdy, these times are fairly unique. The
statistical values in Table IL1 are based on the temperature records in clear or partly cloudy
weather. To normaljze the seasonal effects, we calculated the time ratio at the maximum and
minimum surface temperatures as,

_Time @ Maximum Surface Temperature — Sun Rise Time

max _ Sun Set Time — Sun Rise Time ({IL17)
Time @ Minimum Surface Temperature — Sun Rise Time
RT, = - — 11.18)
Sun Set Time — Sun Rise Time

The sun rise time, which varies in different seasoné, has significant influence to the time at the
minimum surface temperature as shown in Table IL1. The surface temperature reaches its
minimum value around sun rise time. However, the time at the maximum surface temperature is
almost constant in different séasons. Based on the statistical analysis results, we recommend to
use the time value in Table IL1 for the maximum surface temperature, and RTp, value for
calculating the time at the minimum surface temperature.

" The sun rise and set times can be easily obtained from local newspaper or yearly
astronomical almanac. For the simplicity, the sun rise and sun set times of twelve major cities in
North Carolina are listed in Appendix A.2. The sun rise and sun set times at FWD test sites can
be approximately estimated by using the times at the closest city in Appendix A.2. These times

are calculated for an unobstructed horizon, with normal atmospheric conditions, at zero elevation
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above the Earth’s surface in a level region. The times used in this report are the regional
standard times. The day light saving time needs to be converted before the temperature
prediction procedure.

The surface temperature-time history used in the temperature prediction model begins at
D-1 day’s crossing time. The values of crossing time are obtained from the statistical analysis
from the field temperature records of all the test sites. Table IL2 lists statistical results of
crossing times at different weather conditions. In Table IL.2, the time is represented by a value
between O and 1 (i.e., 1.0 represents for 24:00 pm; 0.25 represents 6:00 am). The detailed
analytical results of crossing time are included in Appendix A.3, which pfovides crossing times
on each day in each season at each site. It was observed from the field records that the value of
crossing time depends on the weather condition and sun rise time. Although the crossing time
may not exist in rainy or snowy days, the values of the crossing time during clear or partly
cloudy days are fairly uniform as shown in Table IL2. The value of crossing time varies in heavy

cloudy day or at a site with shade.

-
-

With the help from NCDOT, whenever temperatures were recorded using the logger, the
weather conditions were also documented of three times a day in all seasons at all sites. These
valuable information enabled us to perform more detailed statistical anélysis from different
weather conditions. A weather index was developed for our database. The clear weather is
defined as 100 and the sky fully covered with cloud as 0. The number between O to 100
represents the percent of sky which could be seen. Rain is symbolized by -1, and snow or ice
weather by -2. Number 500 indicates no weather record. All the weather records are included in

Appendix A 4.
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In order to normalize the seasonal effect, we calculated At and At ratio, which are defined

At = cross time — sun rise time (I11.19)

cross time — sun rise time
At ratio= — - (11.20)
sun rise time— sun set time

Because the crossing time is related to the sun rise time, At ratio can give a better prediction of

the crossing time.

I1.4. Pavement Depth Temperature Prediction

Based on a series of sensitivity analyses using varying durations of surface temperature
history, it was determined that the method optimizing the practicality and the accuracy is to use
the surface temperature time history since the crossing time of D-1 day. The surface temperature
history can then be used for the prediction of AC layer mid-depth temperature using heat
conduction theory (i.e., Equation IL.6). The surface temperature history since the crossing time of
D-1 day can be divided into two time zones. The first one is between Points A and C in Figure
IL4, i.e., between the crossing time of D-1 day and sun rise time of D day. The other is from D
day’s sun rise time till the time of FWD testing. As can be seen from Figure 114, D day’s surface
temperature history can be determined by measuring surface temperatures at several different
tirﬁes in the morning and extrapolate the trend backward to the sun rise time of this morning.

Developing a function representing the surface temperature history between Points A and
C requires careful observation of the characteristic shape of surface temperature time histories.

As can be seen from Figure 114, the shape of surface temperature history within a day seems to
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~ follow the sine curve except the rate of temperature rise during the heating cycle and the rate of
temperature drop dﬁn‘ng the cooling cycle are different. Therefore, the surface temperature
history within a day can be modeled using a sine curve with two different periods for the heating
and cooling cycles which add up to be equal to 24 hours. To find an analytical representation of
this nonsymmetric sine curve, ﬁme-teﬁlpératﬁre éc;ordifiates of Points A; FB, and C in Figure 1.4
need to be defined. As long as times are concerned, Point A is the crossing time of D-1 day.
Point B is when the surface temperature is the maximum, and Point C is defined as the time
when the surface temperature reaches the minimum (in a normal weather condition, around the
sun rise time). Actual time for Point C can be determined using a simple astronomical
relationship between the sun rise time and the latitude and longitude of the test location. The
times for Points A and B are obtained from the regression analysis of measured temperature data
in the data base.

Vertical positions (i.e., temperature levels) of these points are much more difficult to
determine because they are dependent on maximum ana minimum air temperatures, weather
conditions, test locations, etc. The approach taken in this study to handle this complexity is to
normalize all the surface temperatures within 24 hours with the maximum and the minimum
surface temperatures and to obtain the sine function with the normalized surface temperature
time history. This normalized sine function is expanded to real values later as the maximum and
the minimum surface temperatures are determined from the maximum and the minimum air
temperatures respectively using the heat transfer theories described earlier.

The surface temperature history from D-1 day’s sun rise time to D-1 day’s peak

temperature time (point B in Figure I1.4) can be expressed as,
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max—Tmin . ﬂ(t—tm) n Tmax+Ttmn
=MW o) ——— .
T(z) 5 mn{ ot 2} > {.21)
where
Tmin = the minimum surface temperature at time tmin,
Tmax = the maximum surface temperature at time tmax.

From D-1 day’s peak temperature time to D day’s minimum temperature time, the surface

temperature function is given by,

T -T, ~t T +Ts
T(t) = f(t){ 'ﬁz_&sm[-z%—({t_t:t—).—'k%].k_;— } (I.22)

where f(t) is defined as a shape function to modify the sine curve in the B-C section in Figure IL.4

and expressed as,

f(t)=1—2p

cod 2t —tem | 11 P 23
° 24—t +tu 2 @-23)

The shape factor, p, equals 0.85.

From D day’s minimum temperature to the first temperature record during the FWD test,

the surface temperature-time history can be modeled by,

7(r) = Toe = Ton tton) 7|, T T 24)
=T MY . 2 2 @

In order to pass both D day’s minimum temperature point and the first temperature recorded in

FWD test, the above curve function must have,
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o 2(T(t,)-;} 05T,,,V) 125

where T(t;) is the first surface temperature value measured at time t;. U and V values are

expressed by,
n (t 17 tmin) n
= sin| ——=25 _ — 2
U sm[ e 2}+1 (11.26)
m\t, -1,
V= sin[t—g‘—:—’“i)-ﬂ-l (27)

t" nax is the time when the maximum surface temperature is measured during the FWD test day. If
this time is not available, the statistical value, tmax, can be used as the same time at D-1 day’s
maximum surface temperature.

Since the heat conduction phenomenon in pavement systems is time dependent in nature,
effects of inaccurate representation of first 24 hour surface temperature history on the prediction
accuracy of the effective pavement temperature at the time of FWD testing are much smaller than
those due to misrepresentation of this morning’s surface temperature history. It is fortunate that
surface temperatures in the morning of FWD testing day can be obtained accurately with a little
additional effort, if there is any.

Details involved in the proposed temperature prediction procedure can be categorized into
three major steps. A FORTRAN program, PD.FOR, is developed to automatically perform these
temperature prediction procedures. The flow charts of the main program and a subroutine are

plotted in Figures IL5 and IL6, respectively.



PD.FOR

Figure II.5

Flow Chart of the Main Program
Read input
file

Call subroutine to generate the
surface temperature time history
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(lnitial temperature J
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Set initial temperature
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l
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Flow chart of the AC layer temperature prediction procedure.
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Figure 1.5
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Flow Chart of the Subroutine

Figure I1.6

Subroutine Surface (NP,CROSS)
Generate the surface temperature time history

:

Input max. & min. air
temperatures
Input pavement material
thermal properties

Predicting min. surface
temperature by Eq. (2.15)

l

Predicting max. surface
temperature by Eq. (2.13)

:

Generating surface temperature time
history from yesterday's Tmin to today's
Tmin by Eq. (2.20), (2.21)

Flow chart of the pavement surface temperature prediction procedure.
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Figure IL6
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The first step is to predict the surface maximum and minimum temperatures using
Equations (H.13) and (IL.15). These equations require prior knowledge of temperature difference
between the surface and at depth x at the peaks. As starting values, 8°C and 2°C can be assumed
for the day and the night, respectively. As the second step, a surface temperature time history is
modeled by a modified sine-wave function as described earlier. The D-1 day’s maximum surface
temperature and this morning’s minimum surface temperature were obtained from the first step
and used to expand the normalized sine function. The value of this curve at D-1 day’s crossing
time is defined as the initial temperature, To. The surface temperature time history begins from
D-1 day’s crossing time and connects with D day’s field temperature records. In the third step,
the temperature profile inside the pavement is calculated by using Equation (IL.6). D-1 day’s
crossing time is the starting time (t=0), and the variable t in Equation (IL.6) represents the time
elapsed since the starting time. The time used in the prediction procedure is local standard time.
The day light saving time must be converted to the standard time.

The three steps discussed above should be repeated until (Tx-T;) value at depth x
converges reasonably (say, within 5% error over the previously assumed value). PD.FOR is
developed to perform above three steps automatically. In summary, the input data for the
temperature prediction program are tabulated in Table IL3.

The zenith angle, z, used in Equation IL.8 is shown in Figure IL7. The value of the zenith
angle is a function of the season and latitude. In the course of a year, the sun appears to traverse
the entire heavens. Its apparent path being termed the ecliptic. The plane of the ecliptic is
inclined to that of the celestial equator by almost 23°27’ (the “obliquity of the ecliptic”). The

ecliptic and the equator are shown in Figure IL8, which represent the celestial sphere with the



Table IL.3. Input data for the temperature prediction program

Parameter Range Default value
Temperature and weather data:
Yesterday’s maximum and Obtained from local newspaper
minimum air temperature
Yesterday’s weather Cloudy or sunny
If the test site in a shade Considered as cloudy
Today’s surface temperature | Measured during FWD tests
time history
Location:
Latitude 35.5°in NC
Thickness of AC layer
Material properties:
Thermal diffusivity o 0.0035 - 0.0055 m*/hr 0.0037 m*/hr
Solar absorbtivity o 0.85-0.93 0.90
Emissivity € 0.85-0.93 0.90
Thermal conductivity k 043 -1.67 0.8

(Btwhr*ft* *F°) (Btwhr*f® *F)

Transmission coefficient T,

0.62 for cloudy - 0.81 for clear

depend on weather

Coefficient for atmospheric
radiation €,

0.53 - 0.72 during day
0.61 - 0.83 during night

0.70 in day
0.81 in night

Surface heat transfer
coefficient h,

3.0 - 4.0 during day
1.4 - 2.5 during night
(Btwhr*ft* *F°)

3.5 during day
1.5 during night
(Btw/hr*ft® *F°)
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earth at the center. The difference between them in declination is provided in Figure IL9. The
zenith angle can be approximately estimated by:

z = latitude — declination angle (11.28)
Equation I1.28 can be used in any latitude and any season. Solaimanian and Kennedy (1993)
suggested that at noon sun time and in the region with latitude larger than 25°,z = latitude - 20°
from May to August, as shown in Figure I1.10. More accurately method in calculating the zenith

angle can be found in astronomy books.

IL5. Verification of New Temperature Prediction Procedure

In order to validate the proposed temperature prediction procedure, the predicted
temperatures in the pavement are compared with those measured from the test sites. Eight cases
presented in the following represent the examples with different climatic regions, different AC
layer thicknesses, and different weather patterns in different seasons.
Case |

The test site in Durham County is located in the piedmont region of North Carolina. The
AC layer thickness is 250 mm (10 inches). As shown in Figure IL11, the FWD test began at 8:30
am ;md finished at 4:30 pm on August 14,1995. D-1 day’s maximum air temperature and D day’s
morning minimum air temperature are obtained from local newspapers.

The predicted surface temperatures are generally in a good agreement with the measured
data. The field weather record indicates that it was cloudy during the noon time of D-1 day.

Transmission coefficient, T, was selected to be 0.65. Equation .13 predicted reasonable
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Comparison between the predicted and the measured pavement
temperatures (Durham County, August 13 and 14, 1995).
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maximum surface temperature. During the night, heaf transfer coefficient, h., was reduced to
1.44, and the prediction by Equation II.15 was satisfactory.

The accuracy of the prediction of the mid-depth temperature was also very good. This
agreement suggests that the values used for the material properties and other parameters in the
heat conduction equation are reasonable.

The sensitivity analysis was performed for the temperature at the crossing time (To) using
the Durham data. T, values that are 5°C above and below the estimated crossing temperature
were intentionally used for the prediction. The value of 5°C was found to be the worst error
found from our data base. The results are displayed in Figure IL.12. It can be observed that the
incorrect Ty inputs affect the prediction of D-1 day’s surface temperatures significantly, but the
effect is diminished as time elapses. As a matter of fact, the errors in predicting D day’s mid-
depth temperatures are within 2 °C.

Case 2

The test section in Pitt County is located in the eastern coastal region. The thickness of
the AC layer is 114 mm (4.5 inches). Similar to Case 1, the pavement surface temperatures were
measured during FWD tests on May 19, 1996. The weather was clear both D day and D-1 day.
Transmission coefficient, T,, was selected to be 0.81. The predicted mid-depth temperature
agrees with filed measurements quite well (Figure II.13).

Case 3

The test site used in this case is located in Wilkes County in the western mountain region.

The AC layer is 240 mm (9.5 inches) thick. It was very cloudy during FWD tests on August 23,

1995, and clear D-1 day.. The test location was shaded during afternoon. The transmission
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Figure I1.12  Sensitivity analysis on the values of crossing temperature (Durham County,
August 12 and 13, 1995).
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Figure II.13  Comparison between the predicted and the measured pavement
temperatures (Pitt County, May 18 and 19, 1996).
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coefficient was selected to be 0.62 due to shade. Although some discrepancies can be observed
from D-1 day’s surface temperature prediction, the predicted mid-depth temperature still agrees
well with the field measurements (Figure I1.14).

Case 4

The test site was in Pitt county, the same location as in Case 2. The pavement surface
temperatures were measured during FWD tests on February 13, 1996. The weather on the testing
day was clear, but partly cloudy on D-1 day. The D-1 day’s maximum air temperature was 12.8
°C, and D day’s morning minimum air temperature was -7.6 °C. The transmission coefficient
was selected to be 0.75 due to partly cloudy weather. During winter time, the zenith angle is
larger than that during summer. From Figure IL9, the zenith angle, z, was obtained to be 48
degrees. The comparison between the predicted temperature profile and the recorded profile is
presented in Figure IL.15. The model predicts the mid-depth temperature reasonably well during
the FWD test period, although there exist large discrepancies between the predicted temperature
and the recorded values during D-1 day’s afternoon and evening times. It has been observed
from our analysis that a good prediction result of D day’s temperature profile can be obtained
when D-1 day’s maximum surface temperature and D day’s minimum surface temperature are
well estimated.

Case 5

The test site used in this case is located in Carteret County in the eastern region. The AC
layer is 229 mm (9.0 inches) thick. There was no weather report during FWD tests on February
23, 1996 and D-1 day. We guessed thatD-1 day was cloudy, because D-1 day’s maximum air

temperature was much lower than D day’s value. The transmission coefficient was selected to be
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Figure .14 Comparison between the predicted and the measured pavement
temperatures (Wilkes County, August 22 and 23, 1995).
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Figure I1.15 Comparison between the predicted and the measured pavement
temperatures (Pitt County, February 12 and 13, 1996).
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0.62. The thermal diffusivity, o, was equal to 0.35 m%hr. As shown in Figure IL16, the
differences betwéen the predicted mid-depth temperature and the recorded mid-depth
temperature during FWD tests are within about 1 °C. The recorded temperature history indicates
that the D-1 day’s crossing time is much earlier due to the weather condition than the average
crossing time used in the prediction procedure. The D-1 day’s crossing temperature utilized in
the prediction is 3°C higher than the recorded value. However, D day’s mid-depth temperatures
are predicted reasonably well.

Case 6

The same test site as in Case 5 was tested on April 5, 1996. The weather in the FWD
testing day was cloudy and clear D-1 day. The transmission coefficient was selected to be 0.81.
The zenith angle was 25 degree during early April. The predicted results are plotted in Figure
II.17.

Case7

The test site used in this case is located in New Hanover County in the eastern region.
The AC layer is 305 mm (12.0 inches) thick. It was clear during FWD tests on November 18,
1995 and D-1 day. The transmission coefficient was selected to be 0.81 due to the clear weather.
The zenith angle in mid-November is 56.5 degrees. Although D day’s minimum air temperature
is below freezing point, the predicted minimum surface temperature agrees the measured
temperature very well. The comparison between the predicted AC layer temperature and

measured values is made in Figure I1.18.
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Figure I.16 Comparison between the predicted and the measured pavement
temperatures (Carteret County, February 22 and 23, 1996).
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The test site used in this case is located in Polk County in the western mountain region.
The AC layer is 165 mm (6.5 inchés) thick. It was clear during FWD tests on April 3, 1996 and
D-1 day. The transmission coefficient was selected to be 0.81 due to clear day. The thermal
diffusivity, o, was equal to 0.40 m?hr. The zenith angle in early April is 25 degrees. The
predicted mid-depth temperature agrees well with the field measurements (Figure I1.19).

Since the proposed temperature prediction procedure is based on fundamental principles
of heat transfer, it is site independent and can be applied to other states with a minimal amount of
temperature data collection. All the heat transfer parameters used in the model are the values
suggested by Solaimanian and Kennedy (1993) except the thermal diffusivity (o) value from
Yoder and Witczak (1975), the surface coefficient of heat transfer (h.), and the coefficient for
atmospheric radiation (t,) for night time. The value for hc at night was calculated from the
empirical formula suggested by Solaimanian and Kennedy, and the night time value for T, is
determined by trying different values until the predicted and the measured minimum surface
temperatures match. All the cases presented above used the same values for the heat transfer
parameters unless stated for specific reasons.

There are some limitations in the proposed procedure. If it was raining or snowing during
D-1 day or early in D day’s morning, the maximum or the minimum surface temperatures can not
be predicted accurately because the presence of moisture on pavement surface changes the heat
flow mechanisms that Equation (IL7) is based on. Although inaccurate prediction of the

minimum surface temperature in D day’s moming affects the prediction accuracy more
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Figure I1.19 Comparison between the predicted and the measured pavement
temperatures (Polk County, April 2 and 3, 1996).
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significantly, it is not our major concern because FWD testing is not usually conducted if there is
moisture on the pavement surface due to safety reasons. Since the heat conduction theory inside

the pavement is still valid, one may adjust the relationship between air and surface temperatures

to obtain a more realistic surface temperature history for rainy or snowy days.

I1.6. Conclusions

A simplified prediction procedure for AC layer depth temperatures is presented in this
section. This method is based on fundamental principles of heat transfer and uses the surface
temperature history since the morning of D-1 day té predict the AC layer mid-depth temperature
at the time of FWD testing on D day. The surface temperature history is determined using the D-
1 day’s maximum air temperature, the minimum air temperature of D day’s morning, and cloud
conditions of D-1 day. The case studies using measured temperatures from pavement sections in
different climatic regions of North Carolina and AC layer thicknesses under different weather
patterns and seasons demonstrate that the proposed method can accurately predict the AC layer
mid-depth temperature with input requirements practical enough to be accepted for NCDOT’s
routine deflection analysis. The application of this model to other states or climatic regions
needs to be evaluated; however, the fundamental nature of the model will provide more general
applicability than empirical models can if the calibration of the model parameters can be done

with local temperature measurements.
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PART lll. TEMPERATURE CORRECTION OF MODULI AND
DEFLECTIONS

II1.1. Introduction

Due to urgent needs of developing a realistic temperature correction procedure,
many researchers have developed temperature correction models (e.g., Ullidtz 1987,
Johnson and Baus 1992, Baltzer and Jansen 1994, Kim et al. 1995, 1995a). The majority
of these models are based on statistical analysis of field measurements. These models
work effectively for pavements with similar mixture properties and pavement profiles to
those on which the model was established. These empirical models often fail to
effectively correct moduli and deflections for certain types of mixtures and pavement
profiles.

It is understood from a rheological point of view that the thermo-viscoelastic
properties of the asphalt mixture are primarily responsible for temperature effects on
backcalculated moduli and pavement deflections. It is well known that asphalt mixtures
possess high viscoelasticity imparted by the asphalt binder. The mechanical properties of
asphalt mixtures and the responses of asphalt pavement systems depend on both loading
time and temperature. However, through the time-temperature superposition principle the
effects of both time and temperature can be accounted for by a single variable called
“reduced time”. It has been observed that the time-temperature superposition principle
applies to asphalt mixtures (Pagen 1965, Kim and Lee 1995).

Kim at al. (1995, 1995a) developed empirical models for temperature-modulus
and temperature-deflection corrections based on field measurements from North Carolina.

These models were simple in form but practical enough for routine implementation.



62

However, the models were based on a limited data base. Test sites were located in the
central region of the state and thus only a limited number of mixture types and pavement
structures were considered. Therefore, there has been a need to test these models against
data from other regions within the state with different mixtures and/or pavement
structures so that ﬂley may be re-calibrated or revised accordingly.

In this project, the temperature correction models developed from the 92/93 study
were first tested to see if they effectively correct backcalculated AC moduli and FWD
center peak deflections gathered from different regions of the state. Based on this
evaluation results, the 92/93 empirical models were re-calibrated and revised for better
correction capabilities. However, it was found that even though these empirical models
are effective and reasonably accurate for most of the mixture types and pavement profiles,
data from some pavements with certain mixture types and pavement profiles cannot be
satisfactorily corrected with these models.

In order to overcome the shortcomings of the empirical models and to gain an
enhanced understanding of the theoretical implications in temperature-modulus and
temperature-deflection corrections, an in-depth study was initiated and new analytical
modulus and deflection correction procedures were developed within the framework of
the linear viscoelasticity theory and the time-temperature superposition principle. The
new procedures explicitly account for the thermo-rheological properties of the mixture

and the structural design of the pavement section under consideration.
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II1.2. Theoretical Background

In order to provide a basis for theoretical treatment of temperature correction
issues and for development of analytical models described in later sections, a brief review
of the theory of linear viscoelasticity and the time-temperature superposition principle is

given.

II1.2.1. Linear viscoelasticity
For linear viscoelastic materials or structures, the input-response relationship can
be expressed in convolution integral as follows (Schapery 1974):

Rt)=| R,,(r-r)ﬁ"%:_)df ML)

where R(t) is the response, I(t) is the input, and R=I=0fort <O0. The function Ry(t) in
(IIL.1) is commonly referred to as the unit response function as it signifies the response of
the system to the unit step input; i.e., from (IIL.1)

R(t)=R,(@) for I(t)=H() (1.2)
where H(t) is the Heaviside step function with H(t) = 1 for t > 0 and H(t) = 0 fort<O.
For example, in the case of controlled-strain test where preselected strain history is
applied to a specimen, the input is the strain, the response is the stress, and the unit
response function is the relaxation modulus. For controlled-stress tests, the input is
stress, the response is the strain, and the unit response function is the creep compliance.

The convolution integral (II.1) applies not only to the stress-strain relations of
linear viscoelastic materials but also to the structural analysis of linear viscoelastic

systems, and is often called the Boltzmann superposition integral. In the stress-strain
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relationship, Ry(t) is a function of material properties only, but in a structural analysis
problem Ru(t) 1s a function of both material and geometrical parameters of the system.
For instance, the uniaxial stress-strain relation for linear viscoelastic materials (such as
asphalt mixtures) can be expressed by

o(®) = IE(t ) —d S(T) (IL.3)

or

&(t) = jD(t 2D, dO'(T) (1m.4)

where E(t) and D(t) are the uniaxial relaxation modulus and the creep compliance,
respectively. Eqautions (IIL.3) and (IIL4) imply that the modulus and the compliance are
not simply the reciprocal of each other. In fact, it can be shown that they are related by the
following equation (e.g., Ferry 1980):

1= [ Ea-r )dD(t) (IIL5)

for 0.
To illustrate a structural analysis problem that can be represented by (IIL.1), the
surface deflection of a pavement system subjected to surface loading (e.g., FWD loading)

can be considered,

= dq(t) (IL6)
w(t) = [ w, (1= 1) =t

where w(t) is the deflection at time t at a particular position of the pavement surface, q(t)
is the applied load, and wy(t) is the unit deflection function that is defined as the

deflection of the system under the unit step loading, q(t) = H(1).
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I11.2.2. Time-temperature superposition

In general, the mechanical properties of viscoelastic materials depend not only on
loading time but also on temperature. Especially some of the mechanical properties of
amorphous polymers have a stro;lg dependence upon temperature. There exists a special
class qf viscoelastic materials whose temperature dependence of mechanical properties is
amenable to analytical description. This class of materials is referred to as being
thermorheologically simple. The simplifying feature of the thermorheologically simple
materials is that, when the unit response function (e.g., creep compliance or relaxation
modulus) curve measured at different constant temperatures are all plotted against time
on the logarithmic scale, the curves can be superposed so as to form a single curve (called
a master curve) corresponding to an arbitrary fixed temperature (called a reference
temperature) by means of horizontal translations only. Examples of the master curve are
shown in Figure II1.3.1.

This feature has a‘very significant consequence in that the dependence of the
material property upon both time and temperature can be represented by dependence upon
a single variable called reduced time, and the feature is often referred to as time-
temperature superposition or reduced-time method. In mathematical notation, e.g., for the
uniaxial relaxation modulus,

E(t.T) = E, (©) @7
where Em(E) is the master relaxation modulus corresponding to a reference temperature

(TRr), and for constant temperatures,
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£ t (1I1.8)

where £ and ar are the reduced time and the time-temperature shift factor, respectively.
The ar is a temperature dependent material function which reflects the influence of
temperature on internal viscosity of the material. It is determined by the horizontal
distance between the master curve and any one of the isothermal curves in a logarithmic
time scale.

For temperatures above the glass transition temperature of the material, the shift
factor ar for a thermorheologically simple material is usually expressed in the following

form:

c(T-Tp) . (1L9)
,+T-T,

loga, =-
where ¢, ¢y, and Tg are constants. Equation (III.9) is commonly referred to as WLF
equation (Williams, Landel, Ferry 1955).

Now, the input-response relations of a thermorheologically simple linear

viscoelastic medium can be expressed, from (II.1) , as follows:

¢ /4 .
RO = [ R, &-8) 2 ek (10
where
g = tld't’ (Im.11)
0 aT

and &= E_,’lm . The variable 7’ in (II.11) is the dummy variable of integration and ar is a

function of temperature as represented by (IIL.9) . The temperature varies with time in
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general, i.e., ar = ar(T(t)), and for constant temperatures (isothermal conditions), (IIL.11)
reduces to (I1L.8) .

The significance of (TI.10) is that the same unit response function determined at a
constant temperature can be useci to calculate the responses at other constant temperatures
or under general transient temperatures simply by replacing the physical time with the

reduced time which accounts for the effects of both time and temperature.

I11.2.3. Analysis of layered viscoelastic system

In order to determine the deflections of a pavement system, an analysis of layered
viscoelastic system needs to be performed. An analytical method of temperature-
deflection corrections introduced later requires forward deflection calculations of a given
pavement system subjected to FWD loading at different temperatures. An analysis of a
viscoelastic system usually requires and utilizes the solutions to the corresponding elastic
system based on an elastic-viscoelastic correspondence relationship. Therefore, for an
analysis of a viscoelastic multi-layered system (typically simulating a flexible pavement
system), an adequate understanding of the analysis method of the corresponding elastic
multi-layered system is essential.

An in-depth theoretical background and detailed procedure for the analysis of a

layered viscoelastic system subjected to a transient surface load at different temperatures

is given in Appendix B.
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II1.3. Laboratory Creep Tests on Field Cores

Information on the thermomechanical properties of the asphalt mixture which
was used in constructing the pavement section under consideration is essential in
analytical correction of moduli or deflections. This information may be obtained from
different sources and test methods. Laboratory mechanical tests on field cores or lab-
fabricated specimens can be carried out to obtain this information. A field core retrieved
from three test sites (each representing east, central, and west region of the state) was
tested to obtain creep curves at different temperatures, from which the master creep curve
and the time-temperature shift factor of the mixture was obtained.

A 100-mm (4-inch) diameter AC core was retrieved from each of the three test
sites; New Hanover (eastern), Durham (central), and Wilkes (western). These cores were
subjected to laboratory creep tests at different temperatures in order to determine the
creep compliance of the mixture as a function of time and temperature. These pavements
are full-depth AC pavements and the thicknesses of the AC layers are 305 (New
Hanover), 254 (Durham), and 242 mm (Wilkes), respectively. The creep compliances
obtained at different temperatures and the master creep curve at the room temperature of

25 °C are given in Figures III.3.1(a)-(c) for each of the three sites considered.

The master curve was generated by overlapping tﬁe isothermal curves according
to the time-temperature superposition principle. The master creep curves were then
converted, based on (III.5), to the master relaxation curves shown in Figure II.3.2. The
time-temperature shift factors ar are given in Figure IIL.3.3. It can be seen from Figure

II1.3.2 that the viscoelastic characteristics of mixes at three sites are quite different in
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magnitude and time-dependency. The mix from Wilkes site exhibits greater moduli
values while that from Durham site shows higher viscoelasticity (or time-dependency).

The shift factors of all three mixes exhibit roughly a descending linear
relationship with the mix temperature on the semi-log scale (Figure II1.3.3). It is believed
that shift factor is primarily dependent upon rheological characteristics of the asphalt
binder used whereas the relaxation modulus is affected both by binder properties and
mixture properties (€.g., asphalt content). Therefore, the mix-to-mix variation in modulus
is expected to be greater than that of shift factor because variation of the mixture
properties is more significant than that of the binder properties in a typical case.

An analytical expression of the relaxation function may be obtained by fitting an
appropriate mathematical representation, such as the one given below (often referred to as

the Prony series representation), to the known relaxation data:

N
E(t)= E-+ Y Eie™® (I.12)

i=1

where Eeo, E, and p; are all constants. The quantity Ee. in (II.12) is the long-time
equilibrium modulus, and p; are the relaxation times. Different versions of power-law

representations are often used to describe the relaxation or creep behavior of many
polymeric materials including asphalt binders and asphalt mixtures. However, even
though the power-law representations have many advantages associated with their
simplicity, in some cases they fail to adequatély describe the creep or relaxation curves
over a long range (or many decades) of time. Also in some computational procedures,
using the Prony series representation is more efficient than using a power-law

representation.
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IIL.4. Temperature Correction of Backcalculated AC Moduli
I11.4.1. General
To find the modulus corrected to a reference temperature (20°C is adopted in this
study), the modulus backcalculated from a deflection basin is normally multiplied by a

factor, i.e.,

E;. =\;E; (II.13)
where Erp is the modulus corrected to temperature To, and Er is the backcalculated
modulus of the asphalt mixture at temperature T. Therefore, the temperature-modulus
correction factor Ag can be defined by
\, = £To_ . (.14)
ET

In order to find the characteristics of the temperature-dependence of AC modulus,
the modulus is plotted against the AC effective temperature (temperature at the mid-depth
of the AC layer) on the 'semi-log scale as shown in Figures IL.4.1(a)-(d). Figures
MM.4.1(a), (b), and (c) show the AC moduli backcalculated from FWD deflection basins
measured within the east, central, and west regions of North Carolina, respectively. Three
different sites were selected in east and west regions, and five different sites are
considered for central region. Four of the central region sites are the ones used in the
92/93 project of which data are all incorporated in the current study. FWD deflection
basins under the 9 kip load were used. Modulus data from all three regions are combined

and shown in Figure IL4.1(d). The moduli and temperature data used in Figures

II1.4.1(a)~(d) are given in Appendix C.
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Figure I11.4.1. (Continued); (d) all regions.



80

Overall, the trend can be characterized by a descending linear relationship
between the log modulus (E) and the temperature. The degree of the temperature-
dependence, which can be indicated by the slope of the straight line, varies from site to
site (or, more specifically, mixture to mixture). Figure II1.4.2 shows a typical linear fit
and the slope (m-value) between log E and T measured at Pitt county site. The slopes of
the linear fit of log E versus T relationship, denoted by m's, were computed for each site,
region, and for the entire state, and are given in Table 11.4.2.

When one idealizes the modulus-temperature relationship by a linear relationship
between log E and T, it can be shown that the correction factor defined by (III.14) can be
expressed directly in terms of the slope, m. Let us take the following linear form of log E
versus T relationship:

logE=a-mT (1I0.15)
where a is the intercept of the log E axis and —m is the slope in the log E bversus T plot.
Rewriting (I11.15),

E=10""". ~ (IIL.16)
Substituting (II1.16) into (III.14), one finally obtains the correction factor in terms of m as
follows:

A = 10778, (L17)
No particular correlation was found to exist between the m-values and the AC layer
thicknesses (Figure II1.4.3), which can be expected because m-values are material-
dependent factors and should not be affected by the layer geometry of the pavement

system under consideration.
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Table IT1.4.2 The negative slope (m-value) of the linear fit of log E versus T
for each site, region, and the state

Sites m - values | Regions | m - values Statewide 92/93Model
(AC Thickness, mm) m - value m - value
Pitt (115) 0.0255
Carteret (229) 0.0224 East 0.0251
New Hanover (305) 0.0273
Durham (254) 0.0374
US421-13 (191) 0.0265
US421-17 (89) 0.0280 Central 0.0297 0.0262 0.0275
US421-20 (229) 0.0320
US70 (140) 0.0244
Polk (166) 0.0258
Buncombe (203) 0.0183 West 0.0237
Wilkes (242) 0.0271
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Several methods have been proposed for correction of backcalculated AC moduli
to a reference temperature. Johnson and Baus (1992) recommended the following formula
which is based on Lytton et al. (1990) who took an approximation from the Asphalt
Institute (1982):

)"E = 10-0.0002175(70‘~“‘-1"-“°) (I11.18)

where T are in °F. Ullidtz (1987) developed a model based on backcalculated moduli
from the AASHO Road Test deflection data. His correction model is given by

1 (II.19)

A=
£ 3177-167310gT

for T >1 °C. Baltzer and Jansen (1994) developed a correction model based on statistical
analysis of backcalculated moduli and measured AC temperatures in the form of (II1.17)
with a reference temperature of 20°C. They proposed that m = 0.018 be used with the

temperature at the one-third depth of AC layer selected as the effective AC temperature.

I11.4.2. 92/93 Model - The Empirical Modulus-Correction Model Developed
from the 92/93 Study

Kim et al. (1995, 1995a) developed a correction model that takes the form of
(IIL.17) based on statistical analysis of backcalculated moduli and AC temperatures
measured from the central region of North Carolina. They found that with m = 0.0275 the
model best fits to the field data. Overall, the m-values for the central-region sites are
greater than those for the east and west region sites, which indicates that the mixtures
used in construction of pavements in the central region possess greater viscosity and are

more susceptible to temperature changes.
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The backcalculated moduli presented in Figures IIL.4.1(a)-(d) are corrected using
the 92/93 model and are presented in Figures I.4.4(a)-(d), respectively. Overall, the
corrections appear to be gdod except the Durham site within the central region. The
moduli for Durham site are undercorrected by the model. This phenomenon is believed to
be due to the exceptionally high viscosity of the mixture used in Durham site. Based on
these observations, the model has been improved by considering the following
approaches: (III.1) regionalize the model; i.e., find an m-value for use within each of the
three regions of the state, (II.2) find a representative m-value for statewide use, and
(IIL.3) develop an analytical correction procedure for each mixture type used. These three

approaches are described in the next three subsections.

I11.4.3. Regional Model - New Empirical Modulus-Correction Models Based
on Regional Field Data
Assuming that similar mixture types are used in pavement construction within
each region of the state, one can develop a regional empirical model based on the
observation of the field data obtained from sites within that particular region. Again,
utilizing the linear relationship between log E and T, one can adopt a modulus correction
factor of the form (IIL17). A proper m-value for each region is a}ready given in Table
[I1.4.2. The empirical models for each region as well as for the entire state in comparison
with the 92/93 model are graphically shown in Figures' M1.4.5(a) and (b) on the semi-log
and the linear scale, respectively.
The moduli were corrected according to (II1.13) é.nd (I.17) with respective m-

value for all three regions and are presented in Figures I1.4.6(a)-(d). The quality of
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Figure I11.4.4. (Continued); (d) all regions.
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Figure I11.4.6. (Continued); (d) all regions.
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correction has improved for most of the sites in comparison with the 92/93 model.
However, for Durham site, the regional model still falls short of complete correction. It is
to be noted that the model for the central region to which Durham site belongs was based
on the field data not only from Durham site but also from the four sites of the 92/93
study.

I11.4.4. Statewide Model - A New Empirical Modulus-Correction Model
Based on Statewide Field Data

A statewide empirical model is obtained based on the same procedure as that used
in the 92/93 model and the forgoing regional models, except that a different m-value that
can better represent the entire state is used. An m-value of 0.0262 as given in Table ITL.4.2
is adopted for the statewide model, and the resulting correction factor curve is shown in
Figures I11.4.5(a) and (b). It can be seen that the new statewide model is quite close to the
92/93 model. The moduli corrected by the new statewide model are given in Figures

I1.4.7(a)-(d).

II1.4.5. Analytical Model - A New Analytical Modulus-Correction Model

Based on Individual Mixture Properties

As has been indicated in the previous discussions, the empirical models apply
well to most of the pavements as long as the pavement under consideration was
constructed using one of the common mixtures. In other words, if the pavement to be
evaluated is constructed out of mixtures with unusual thermo-mechanical properties, the
temperature correction of the backcalculated moduli using an empirical model may not be

good enough. However, if one knows the required thermo-mechanical properties of the
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mixture, he can obtain a correction factor for that mixture type through a theoretical
analysis.

When the relaxation modulus E(t) and the time-temperature shift factor ar(T) for
the asphalt mixture under consideration are available (usually through laboratory tests on
field cores or lab-fabricated specimens), one can define the theoretical correction factor

consistent with (II1.14) as follows:

_EE,) (1I1.20)

he = EE)

where the reduced times &, and  are defined, respectively, by

£ = t, and &= t, (1m.21)
ar(Ty) a,(T)

in which t, is the loading duration that needs to be determined based on the characteristic
of the loading pulse of the NDT equipment used, Ty is the reference temperature, and T is
the temperature under consideration. For most FWD devices, the overall loading pulse
resembles the haversine curve with duration of approximately 0.03 second and the peak
loading intensity occurs at about 0.015 second after the load is applied. Most
backcalculation algorithms use the peak loading intensity and the corresponding peak
deflections measured from a number of sensors as the pertinent data. Therefore, it is
reasonable to take a loading time of 0.015 second (i.e., t; = 0.015).

The analytical correction factors given by (I1.20) for the three test sites from
which field cores were retrieved and tested are graphically shown in Figures IIL.4.8(a)-(c)
in comparison with the empirical models discussed above. It is seen that the analytical

model is not necessarily in a linear function of the temperature as in the empirical models.
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As can be expected, greatest deviation of the analytical model from the empirical models
is observed in Durham site which has unusual mixture properties.

The moduli corrected by the analytical correction factors in comparison with the
empirical models are presented in Figures IIL4.9(a)-(c) for each site considered. In all
three sites, the corrections were improved by using the analytical model. In order to
compare the qualities of corrections between different models, the slope of the straight-
line fit of log E(corrected) versus T data was computed for each model used (and
indicated in Figure IML.4.9(a)-(c)). The negative slopes indicate that the model
undercorrects the moduli and the positive slopes for overcorrection; the perfectly ideal
model will results in a slope of zero. It is seen that the analytical model does not correct
the moduli perfectly. There are many possible factors that one may attribute this
imperfect corrections to. The difference in state of stress of the core before and after it
was retrieved from the field, the difference between the actual non-uniform temperature

-distribution within the field AC layer and the averaged uniform temperature of the core
realized in the lab, and errors and limitations involved in laboratory testing may all
contribute to these discrepancies. The theoretical assumptions and simplifications (e.g.,
linear elastic homogeneity assumptions and negligence of dynamic effects) associated
with the backcalculation procedure should also be taken into account. However, despite
these discrepancies between the field moduli and the lab data, one may determine the
modulus correction factor using the lab data and apply them to correct the field moduli to
the desired temperature because the correction factor depends on the ratio of the moduli
at two different temperatures rather than the magnitude of moduli. Usually the lab and the

field moduli curves exhibit the similar curve shape over the range of temperatures and the
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ratios of moduli at different levels of temperature are fairly close between the lab and the

field situations.

I11.5. Temperature Correction of FWD Center Peak Deflections

II1.5.1. General

Deflection values corrected to a reference temperature (e.g., 20°C) can be
obtained by multiplying appfopriate factors to the deflections measured at an arbitrary
temperature, i.c.,

Wy =AWy (L.22)

where wro is the deflection corrected to temperature To and wr is the deflection at
temperature T. Therefore, the temperature-deflection correction factor A can be defined

as

W (1I.23)

Wr

A=

w

In order to find '-the characteristics of the temperature-dependence of the
deflection, the measured deflections are plotted against the AC effective temperature on
the semi-log scale as shown in Figures IIL5.1(a)-(d). Figures (a), (b), and (c) show the
FWD center peak deflections measured within the east, central, and west regions of North
Carolina, respectively. The deflection and temperature data used in Figures II1.5.1(a)-(d)
are presented in Appendix C.

Overall, the trend can be roughly characterized by a linear relationship between
the log of deflection and the temperature. The degree of the temperature-dependence

which is indicated by the slope of the straight line varies from site to site. Figure IIL.5.2
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shows a typical linear fit and the slope (n-value) between log w and T measured at Pitt
county site. The slopes of the linear fit of log w versus T relationship, denoted by n's,
were computed for each site and are given in Table IIL.5.1.

When one idealizes the deflection-temperature relationship by a linear relationship
between log w and T, it can be shown that the correction factor defined by (IIL.23) can be
expressed directly in terms of the slope of the straight line. Lc;t us take the following
linear form of log w versus T relationship:

logw=b+nT (111.24)
where b is the y-axis (log w axis) intercept and n is the slope in the log w versus T piot.
Rewriting (II1.24),

w=10"". (.25)
Substituting (I[I.25) into (IIL.23), one finally obtains the correction factor in terms of n as
follows:

A, =107 (1IL.26)

It was found that the n-value is an increasing function of the thickness of AC
layer. In order to determine the analytical expression of this thickness-dependence of the
~ n-values, they were plotted against the thickness in Figures II.5.3(a)-(d) for each site and
for the entire state, respectively. Even though the correlation is relatively weak, it is clear
that generally n-value increases with increasing thickness. The thickness dependence of
n-value may be understood in that the surface deflection of a pavement system subjected
to FWD loading at a given temperature depends not only on the properties of the asphalt
mixture but also on the layer geometry of the pavement system as well as loading. Since it

was difficult to find a particular functional form, a linear fit was made for each case and



Table ITL.5.1 The slope (n-value) of the linear fit of log w versus T for each

site, and C-value (IIL.27) for each region and the state

Sites n-values | Regions | C-values § Statewide
(AC Thickness, mm) C - value
Pitt (115) 0.00632
Carteret (229) 0.00687 East 3.61E-5
New Hanover (305) 0.0112
Durham (254) 0.0215
US421-13 (191D 0.0100
US421-17 (89) 0.00187 Central 5.80E-5 4.65E-5
US421-20 (229) 0.0142
US70 (140) 0.00512
Polk (166) 0.00519
Buncombe (203) 0.0724 West 4.32E-5
Wilkes (242) 0.0130

116
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the coefficient thus obtained is indicated in each figure. Since, theoretically n should be
zero for the zero thickness (absence of asphalt layer), the y-intercept of each line is set to
zero. The slope in the n versus thickness curve will be denoted by C hereinafter, i.e., n
will be expressed as

n=Chy. (TL27)
where huc is the thickness of AC layer. Substituting (II1.27) to (II1.26), one obtains

A =10-Me T (II1.28)

The C-values for each of the three regions and for the entire state are also summarized in

Table I1.5.1.

IIL5.2. 92/93 Model - The Empirical Deflection-Correction Model Developed

from the 92/93 Study

Kim et al. (1995, 1995a) proposed a deflection correction model based on the
statistical analysis of measured deflections and temperatures in North Carolina. Their

model takes the following form:

A, = 10™A tac)’ (T-20) (111.29)

where hac is the AC layer thickness in mm, T is the temperature in °C, and the constants
A and B were given, respectively, to be 5.807E-6 and 1.4635 for wheel path, and 6.560E-
6 and 1.4241 for lane center. It can be seen that with B =1 and Ty = 20, (I11.29) reduces to
(11.28).

The FWD center peak deflections presented in Figures I1.5.1(a)-(d) are corrected

using the 92/93 deflection correction model and are presented in Figures I11.5.4(a)-(d).
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Figure I11.5.4. (Continued); (c) west region.
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Figure I11.5.4. (Continued); (d) all regions.
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Overall, the corrections are not satisfactory except for a few sites. The corrections are
especially poor for the sites with thick AC layer (e.g., New Hanover, Carteret, and the
three western sites). It is believed that the 92/93 model overly accounts for the effects of
AC thickness and thus overcorrects the deflections of thick pavements. The quality of
correction for central region sites are better than the other two regional sites, as the model
was developed using the data from the central sites except Durham site. Even though the
Durham site consists of a relatively thick AC layer, the corrections were fairly good,
which can be understood considering the fact that tﬁe mixture used in Durham site has
unusually high viscosity and requires more correction than the normal mixture.

Definitely, there needs an improvement of the 92/93 deflection correction model.
We shall make an improvement of the model by considering the following three
approaches as have been considered for the modulus correction: (II.1) regionalize the
model; i.e., find a C-value for use within each of the three regions of the state, (III.2) find
a representative C-value for statewide use, and (IIL.3) develop an analytical correction
procedure for each mixture type and pavement profile. These three approaches will be

described in the next three subsections.

IT1.5.3. Regional Model - New Empirical Deflection-Correction Models Based
;)n Regional Field Data

Assuming that similar mixture types are used in pavement construction within
each region, one can develop a regional empirical model based on the observation of the

field data obtained from sites within that particular region. Again, utilizing the linear
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relationship between log w and T, one can adopt the deflection correction factor of the
form (TI1.28). A proper C-value for each region is already given in Table Ls.1.

The moduli were corrected according to (II1.22) and (TIL.28) with the respective C-
value for each region and are presented in Figures IIL.5.5(a)-(d). The quality of correction
has significantly improved over the 92/93 model. For Durham site, the new regional

model fails to correct the deflections adequately because of the unusual mixture

properties.

IIL5.4. Statewide Model - A New Empirical Deflection-Correction Model
Based on Statewide Field Data

A statewide empirical model is obtained based on the similar procedure to the
regional model except that a different C-value that can better represent the entire state is
used. The statewide empirical model for three different thicknesses of AC layer are
graphically shown in Figures IIL5.6(2) and (b) on the semi-log and the linear scale,
respectively, in comparison with the 92/93 model.

The deflections corrected according to the new statewide model are given in
Figures I1.5.7(a)-(d). Generally, corrections are more or less similar to those made by

regional models, even though the correction quality is inferior to that of the respective

regional model.

IIL5.5. Analytical Model - A New Analytical Deflection-Correction Model

Based on Individual Mixture Properties and Forward Deflection Analysis
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Figure 111.5.5. (Continued); (c) west region.
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Figure II1.5.7. (Continued); (c) west region.
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Figure I11.5.7. (Continued); (d) all regions.
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The theoretical determination of deflection correction factors is more complicated
than the corresponding modulus correction factors because one needs to deal with the
entire pavement system rather than dealing with only the AC layer properties. Deflections
are obtained only through solving a boundary value problem that involves the material
properties of each layer, geometric parameters (e.g., layer thicknesses and dimensions of
the loading plate), and the loading conditions. Analytical procedures for solving the
layered viscoelastic system that simulates the typical flexible pavement system subjected
to traffic loads at different temperatures are detailed in Appendix B.

According to the procedure given by Elliott and Moavenzadeh (1971), the
deflection at any position on or within the pavement system can be determined by the
linear superpositio;l_! integral (IIL6). The unit deflection function wy(t) in (II1.6) can be
obtained by solving the corresponding elastic layered system with AC layer modulus of
E(t) and subjected to the unit step loading, q(t) = 1. A detailed procedure to determine
wy(t) is also given in Appendix B.

One can define theoretical correction factor by substituting (IIL.6) into (IIL23)

with the physical times in (IIL.6) replaced with the reduced times defined by (II1.21), i.e.,

d I1.30
I wy(&o—E'0)—— q(T) ( )

[wa - ¢>d"“’dr

W—

where t; is taken to be 0.015 second as discussed before, & and & are as defined by

(II1.21), and &' and &' are defined by the following:

T md b=t (IL31)

E.«o = a.(T,) a,.(T)'f v
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The loading function q(t) for a typical FWD device can be represented approximately by a
haversine function with a period of 0.03 second and the loading amplitude qo as follows:

. 2m (1.32)
= —_—
9(1) = gosin 0.03

A loading amplitude of qo = 0.5662 MPa (equivalent to 9000 Ibs of load on a 5.9 inch-
radius loading plate) was used in our analysis.

The theoretical temperature-deflection correction factor (IIL30) requires the
determination of the unit deflection function wy(t) and subsequent evaluation of the
convolution integral, which may be too laborious to be implemented for routine analysis.
However, a simplified correction factor with reasonable accuracy can be derived based on
the so-called quasi-elastic method. According to the quasi-elastic method, the viscoelastic
input-response relationship (III.1) can be approximated and reduced to

R(t) = R, ()I(t) (1.33)
Equation (IIL.33) indicates that the current response is approximately obtainable by the
current input muitiplied by the current value of the unit response function. For a linear
elastic system, (II1.33) is the exact relationship. Based on (III.33), the numerator and the
denominator in (IIL.30) are reduced tow,(,)q(t,) and .wH(E‘,)q(t,) , respectively, and
' the temperature-deflection correction factor can be simplified to

_ Wy &) (111.34)
Y owy(8)

where the reduced times & and & are again defined by (TIL.21). The quantities wi(Eo) and
wy(®) in (IIL34) can directly be obtained by solving the corresponding layered elastic

system (e.g., using ELSYMS5) with AC modulus values of E(&o) and E(E), respectively. It
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is to be noted that (III.34) takes the same form as (II1.20); however, one may not expect
any closed-form relationship between Ag and A, because while Ag is simply the ratio of
AC moduli at two different temperatures Ay is the ratio of the deflections at these
temperatures that depend not only on the AC modulus but on the moduli of other
remaining layers and the thicknesses of all the layers involved.

The analytical correction factors given by (II1.34) for the three test sites from
which field cores were retrieved and tested are graphically shown in Figures IIL.5.8(a)-(c)
in comparison with the empirical models discussed above. It is seen that the analytical
.model is not necessarily in a linear function of the temperature as in the empirical models.
As in the case of moduli corrections, greatest deviation of the analytical model from the
new empirical models is observed in Durham site which has unusual mixture properties.

The deflections corrected by the analytical correction factors in comparison with
the empirical models are presented in Figures II1.5.9(a)-(c) for each site considered.
Overall, the corrections were improved by using the analytical model, especially for the
Durham site. In order to compare the qualities of-corrections between different models,
the slope of the straight-line fit of log w(corrected) versus T data was computed for each
model used (and indicated in Figure IIL.5.9(a)-(c)). The negative slopes indicate that the
model overcorrects the deflections and the positive slopes for undercorrections; the
perfectly ideal model will results in a slope of zero. It is seen that the analytical model
does not correct the deflections perfectly; in fact, in the case of Wilkes site, the statewide
empirical model corrected the deflections better than the analytical model. However, this

particular finding should not be used as the criterion for devaluating the analytical model.
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Again, the value of the analytical model lies in thel fact that it can account for the
individual mixture properties and the individual pavement section profile.

As mentioned before the correction of deflections is more complicated than the
correction of moduli because of the involvement of parameters other than AC moduli.
The deflections are normally obtained through solving a boundary value problem that
simulates the actual pavement system subjected to a specified loading condition. Since
the temperature effects on the deflection of an asphalt pavement is a result of changes in
AC modulus due to temperature changes, an analytical procedure for temperature
correction of deflections require the understanding of how the changes in AC modulus
affects the changes in deflection. We took the approach of #nalyzing the layered
viscoelastic system under different temperature levels based on a simple quasi-elastic

method.

II1.6. Conclusions and Findings

Based on the results of both phenomenological and analytical studies on
temperature corrections of AC backcalculated moduli and FWD center peak deflections,
the following conclusions are made: |

1. The 92/93 empirical models, developed based on the field data obtained within
the central region of North Carolina, have been tested against new field data obtained
from three representative regions within the state and found to work relatively good for
modulus corrections but not adequate enough for deflection corrections.

2. New regional empirical models (for east, central, and west regions of North

Carolina, respectively) for both modulus and deflection corrections have been developed
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based on a statistical analysis of field data from each respective region. The models
corrected both moduli and deflections fairly effectively except for the sites with asphalt
mixtures exhibiting unusual thermo-mechanical properties.

3. New statewide empirical models for both modulus and deflection corrections
have been developed based on a statistical analysis of the entire field data obtained within
North Carolina as part of the 92/93 and the current projects. The models corrected both-
moduli and deflections fairly effectively except for the sites with asphalt mixtures
exhibiting unusual thermo-mechanical properties. The statewide models take the same
forms as those of regional models both for modulus and deflection corrections. Roughly,
the statewide models render temperature corrections of similar quality to those of regional
models except for the sites with unusual thermo-mechanical properties, for which the
corresponding regional model works better. The statewide model also takes the same
form as that of the 92/93 model for modulus correction; only a different but improved
model coefficient is used for the new statewide model. Overall, the new statewide
empirical models yield results more accurate than the 92/93 models but still less accurate
than the new analytical models.

4. New analytical modeis for both modulus and deflection corrections have been
developed based on the theory of linear viscoelasticity and the time-temperature
superposition principle and make use of the thermo-mechanical properties of the
individual mixtures. In addition, the analytical deflection correction requires a forward
deflection analysis of layered viscoelastic system. The advantage of the analytical models
is that they explicitly account for the properties of the individual mixture (and the specific

pavement profile for the case of deflection corrections), and hence it improves quality of
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corrections. However, it requires individual mixture properties (and a forward deflection
analysis of the pavement section for the case of deflection corrections), which may be

costly and time-consuming for routine implementation.

II1.7. Recommendations

Based on considerations of both accuracy and practicality, the following
recommendations in relation to temperature-modulus and temperature-deflection
corrections are made.

Use the statewide empirical correction models for moduli and/or deflection
corrections if the mixture properties are not available and if the mixture properties are not
believed to be unusual. Following the new statewide empirical model, the backcalculated
AC moduli at an arbitrary temperature T can be corrected to a reference temperature To

(e.g., 20°C) by E; =AE; with A =10°"2T® (2, =10°""T" when the

temperatures are in Fahrenheit). Also, following the new statewide empirical model, the

FWD center peak deflections at an arbitrary temperature T can be corrected to a reference

= 10-4.65x10" hye (T-Tp)

temperature Ty (e.g., 20°C) by wy = A, wy with 4, where hac is the

* thickness of the AC layer in mm and the temperatures are in Celsius.
(A, =107 hc ™% where hyc is the thickness of the AC layer in inches and the

temperatures are in Fahrenheit).

However, it needs to be warned that, when mixture properties are much different
from the normal mixtures in North Carolina (e.g., modified mixtures, stone-matrix

asphalt mixtures, etc.), this empirical model may lead to erroneous correction. In this
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case, obtaining thermomechanical properties of mixtures (i.e., relaxation modulus and
shift factor) and using the analytical procedure described in this report is strongly

recommended.

II1.8. Implementation and Technology Transfer Plan

The temperature prediction and correction procedures developed in this research
can be readily implemented to routine deflection analysis at NCDOT. A FORTRAN
program, PD.FOR, has been developed to automatically perform the temperature

prediction analysis and is available to NCDOT. Input parameters necessary to run this

program include:
1. the maximum air temperature of D-1 day,
2. the minimum air temperature in the moming of D day,

3. cloud conditions of D-1 day, and
4, pavement surface temperatures in D day prior to FWD testing.

The input parameters 1 through 3 can be obtained from local newspapers or
nearby weather stations. The pavement surface temperatures prior to FWD testing needs
to be measured by an FWD operator, starting as early in the morning as possible at
intervals of 30 minutes. When FWD tests did not begin in a particular section until
afternoon, despite beginning testing on the roadway in the morning, it is recommended to
use the surface temperature data collected in the morning from other pavements.

For the correction of moduli and deflections, the new statewide model is
recommended. This model can be easily implemented in the deflection analysis

spreadsheet program that is currently used by the Pavement Management Unit of
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NCDOT. It needs to be warned that, when mixture properties are much different from the

normal mixtures in North Carolina, the statewide model may lead to erroneous correction.
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